This paper presents a comprehensive assessment of the electronic properties of an industrially grown p-type high performance multicrystalline silicon ingot. Wafers from different positions of the ingot are analysed in terms of their material quality before and after phosphorus diffusion and hydrogenation, as well as their final cell performance. In addition to lifetime measurements, we apply a recently developed technique for imaging the recombination velocity of structural defects. Our results show that phosphorus gettering benefits the intra-grain regions but also activates the grain boundaries, resulting in a reduction in the average lifetimes. Hydrogenation can significantly improve the overall lifetimes, predominantly due to its ability to passivate grain boundaries. Dislocation clusters remain strongly recombination active after all processes. It is found that the final cell efficiency coincides with the varying material quality along the ingot. Wafers toward the ingot top are more influenced by carrier recombination at dislocation clusters, whereas wafers near the bottom are more affected by a combination of their lower intra-grain lifetimes and a greater density of recombination active grain boundaries.
Introduction
The global photovoltaic (PV) market has grown dramatically over the past decade. Multicrystalline silicon (mc-Si) has remained the most commonly used material for solar cell production.
1) The market dominance of mc-Si has been strengthened by the efficiency improvement of mc-Si solar cells in recent years. One of the main contributing factors to this improvement is the development of so-called high performance (HP) mc-Si material, which is now becoming the mainstream for mc-Si solar cells in the industry. 1) Since the emergence of HP mc-Si material, it has been reported that the average efficiency of mc-Si solar cells in production has improved from 16.6% in 2011 to 18.5% or above in 2016. 2) Despite their commercial significance, literatures concerning HP mc-Si are rather limited and their electronic properties are still not fully understood. Compared to conventionallysolidified mc-Si, HP mc-Si contains smaller grains, larger numbers of grain boundaries (GBs), and a lower number of dislocation clusters. [2] [3] [4] Lan et al. 2, 5) suggested that the improvement in their cell efficiency is due to the reduced dislocation density in the material, achieved by growing ingots with smaller grains through nucleation and grain control. Castellanos et al. 6) reported a higher lifetime enhancement for HP mc-Si after phosphorus gettering, which they attributed to the lower area fraction of dislocation clusters. In previous work, 7) we have observed that GBs in HP mc-Si wafers are also less recombination active than conventionally grown mc-Si after phosphorus diffusion gettering and hydrogenation.
In this work, we analyse the electrical properties of an industrially grown p-type high performance mc-Si ingot, aiming to obtain a better understanding of the carrier recombination behaviour in state of the art HP mc-Si. Wafers cut from various positions of the ingot are studied in their asgrown state and also after phosphorus diffusion and hydrogenation. In order the clarify the causes of their recombination behaviours, several key features in these wafers, namely GBs, dislocations clusters and the intra-grain regions, are examined individually in detail. In addition to lifetime measurements, we apply a recently developed imaging technique 8) to evaluate the detrimental influences of crystal defects, including both GBs and dislocations, quantitatively based on their spatial densities and their recombination velocities. The measured properties are then correlated with the final performance of solar cells fabricated using sister wafers in an industrial production line, to identify the key performing limiting features in the material.
Experimental methods

Sample preparation
Mc-Si wafers studied in this work were cut from different heights of a central brick of a G6 industrially grown p-type boron doped high performance mc-Si ingot. The resistivity of the wafers is between 1.2 and 1.9 Ω·cm and the wafers were around 200 µm thick before any processing. Sister wafers from each position were divided into four groups (A, B, C, and D). Wafers from group A were fabricated into Al-back surface field (BSF) solar cells in an industrial production line. The cell process involves texturing, POCl 3 diffusion, plasma enhanced chemical vapour deposition (PECVD) SiN x disposition, front and back screen print metallization and metallization firing. Wafers from groups B, C, and D were extracted from various stages of the Al-BSF process and were used for lifetime=defect characterisation. Wafers from group B were as-grown controls. Wafers from group C went through texturing and POCl 3 diffusion in the production line. The sheet resistance of the phosphorus diffusion was approximately 100 Ω=□. Wafers from group D went through texturing, POCl 3 diffusion, and PECVD SiN x deposition in the production line, and were then fired in a rapid thermal processing (RTP) furnace (Unitemp UTP-1100) for 10 s at 700°C in N 2 ambient to produce bulk hydrogenation.
Wafers from groups B, C, and D were then cut into smaller pieces (5 × 5 cm 2 ) and further separated into two series. Samples from the first series were fully passivated and used for lifetime measurements. The samples were first dipped in HF solution to remove any surface films, then chemically etched using HF and HNO 3 acid to remove the heavily doped layers or texturing, and afterwards received SiN x films on both the front and rear surfaces for passivation. Samples from the second series only had their front surfaces passivated and were used for defect characterisation. The samples were treated similarly as samples from the first series, except having thin metallic aluminium films evaporated on the rear surfaces, to achieve instantaneous rear surface recombination conditions. The infinite rear surface recombination velocity largely reduces the lateral carrier diffusion within the samples, thus allowing the crystal defects to be studied more accurately and independent of the properties of the intra-grain regions. 8) To ensure the industrial relevance of the work, the majority of the processing steps used in this experiment, except the passivation steps and the firing steps for wafers from group D, were performed in an industrial production line. The SiN x films used for surface passivation were around 85 nm thick and were deposited with a Roth & Rau AK400 PECVD system with deposition temperatures around 300°C. We chose to use this film for passivation as it provides excellent surface passivation with S eff below 10 cm=s (confirmed with monocrystalline silicon control wafers), while having a low deposition temperature to minimize further bulk hydrogenation occurring during the deposition.
2.2 Characterisation methods 2.2.1 Photoluminescence imaging. The recombination properties of each wafer were studied by photoluminescence (PL) imaging. 9) PL images in this work have a pixel resolution of around 163 µm and were captured using a BT Imaging LIS-R1 tool. An 808 nm laser was used for carrier excitation and the resulting band-to-band PL radiating from the samples was captured by a one-megapixel silicon chargecoupled device (CCD) camera. A short pass filter with a cut off wavelength of 1050 nm was fitted in the imaging lens to reduce the impact of lateral light scattering both within the sample itself and within the camera's CCD chip. 10) Image deconvolution using an experimentally determined pointspread function (PSF) was applied to the PL images to further reduce the impact of image blurring caused by cross-talk in the CCD chip.
11)
2.2.2 Lifetime measurements. Minority carrier lifetimes were used to evaluate the material quality of the studied samples. The lifetimes were extracted from PL calibrated lifetime images taken at 0.1 sun excitation condition, which corresponds to an injection level close to maximum power in a working solar cell.
12) The PL images were calibrated into absolute lifetime images based on an optically corrected calibration constant extracted from monocrystalline calibration wafers, described in detail in Ref. 13 .
To investigate the intra-grain regions, pattern recognition algorithms were applied to the PL images to discriminate the intra-grain regions from the crystal defects, and the corresponding lifetimes were then extracted. The intra-grain regions were distinguished based upon several algorithms, including thresholding using the measured lifetime values, second-order derivative approach to detect the rate of change in the PL intensity gradient, and filtering to remove smaller grains. A carrier de-smearing technique 14, 15) was also applied to the calibrated lifetime images to account for the influence of lateral carrier smearing within the samples, to allow for a more accurate extraction of the intra-grain lifetimes. 2.2.3 Characterisation of crystal defects. We applied a recently developed imaging technique to evaluate the surface recombination velocity of extended crystal defects.
8) The recombination properties of crystal defects were studied based on their spatial density and their surface recombination velocities (S defect ). The density of electrically active defects, which we refer as defect density in the rest of the paper, was determined by applying pattern recognition methods to the PL images. S defect values of individual defects were calculated based their PL intensity contrasts and numerical modelling of the luminescence signal. 16 ) S defect represents the intrinsic recombination properties of a defect and is independent of the lifetimes of the neighbouring regions surrounding the defect. The technique allows the overall recombination behaviours of crystal defects in a mc-Si wafer to be statistically quantified in absolute scale, which enables a quantitative comparison of the recombination activities of crystal defects from different samples, before and after various processes.
As noted in Ref. 8 , the S defect imaging technique was primarily developed for studying GBs. A larger uncertainty is expected when applied on smaller features such as dislocation clusters. However, such uncertainty is estimated to be reasonably small when compared with the magnitude of the variation of the material quality observed in this work. Figure 1 shows the average lifetime of the intra-grain regions extracted from PL images in the HP mc-Si wafers before and after phosphorus gettering and hydrogenation. Before any processing, the intra-grain lifetime is higher in the middle of the ingot and decreases gradually towards the bottom and the top. This is due to the higher impurity concentration near the top and the bottom of the ingot, owing to segregation from the liquid phase and diffusion from the crucible during solidification. 17) Applying a phosphorus diffusion significantly increases the lifetime of the intra-grain regions. The benefits are particularly visible on wafers towards the very top and the very bottom of the ingot, in which the average intra-grain lifetime increases more than tenfold, from below 50 µs in the as-grown state to more than 500 µs after gettering, and becomes comparable to the intra-grain lifetimes of wafers from the middle of the ingot. This suggests that phosphorus diffusion is efficient in gettering grown-in impurities in lower quality mc-Si wafers. The intra-grain lifetimes are further improved after a subsequent hydrogenation step and the average intra-grain lifetimes can reach 1 ms or above, with a maximum lifetime of around 1.4 ms observed in certain grains. Note that the intra-grain lifetimes in the mc-Si wafers after gettering and hydrogenation are somewhat comparable to the reported lifetimes of Czochralski (Cz) monocrystalline silicon wafers even after deactivation of the boron-oxygen complex, 18, 19) suggesting that the solar cell efficiency potential of mc-Si is unlikely to be limited by carrier recombination in the intra-grain regions. Figure 2 shows PL images of several selected mc-Si wafers. Recombination active GBs appear as dark lines, whereas dislocations appear as dark clusters in the PL images. The studied HP mc-Si ingot shows a continuous increase in the grain size along the ingot height. While the average grain size of the bottom wafers is small, the grain structure of the top wafers is similar to those observed in conventional mc-Si. This is consistent with previous studies by Trempa et al. 20) and Lehmann et al. 3) Wafers towards the ingot top contain a higher density of dislocation clusters and a lower density of GBs, while the opposite is observed on wafers towards the ingot bottom. Lan et al. 5) and Stokkan et al. 21) proposed that it is due to fact that the propagation of dislocation networks can be supressed by the increased presence of GBs, which act as alternative sites for stress release during ingot growth. Figure 2 shows that GBs from the middle of the ingot tend not to be recombination active before any thermal processes, whereas GBs from the top and the bottom are already active in the as-gown state. This agrees with previous study by Chen et al., 22) who suggested that GBs are inherently inactive, and only become recombination active after metal decoration. Phosphorus diffusion increases the recombination strength of most of the GBs. The exact underlying mechanism is still not fully understood. One possible hypothesis is that the high temperature applied during the diffusion or the rapid quenching afterwards leads to a re-distribution of metal impurities around GBs, causing a change in their recombination behaviours. 23, 24) Hydrogenation, on the other hand, is very effective in passivating GBs and is able to neutralise the detrimental influence of phosphorus diffusion, regardless of the position in the ingot. This is confirmed in Fig. 2 , in which most of the dark lines presented in the PL images disappear after hydrogenation. The efficacy of hydrogenation on GBs may provide an explanation for why the efficiency of HP mc-Si solar cells does not suffer from a higher GB density as compared to conventional mc-Si, as a result of the reduction of grain size. However, the influence of hydrogenation is not as effective on dislocations as on GBs. Dislocation clusters are still observable in Fig. 2 after hydrogenation. The results suggest that the recombination mechanism of dislocation clusters might be different to GBs. Figure 3 quantifies the detrimental influence of crystal defects, including both GBs and dislocation clusters, in the HP mc-Si wafers in terms of their spatial densities and their median surface recombination velocities (S defect ). The former represents the total amount of recombination active crystal defects presented in the material, while the latter provides a quantitative indication of the recombination strength of the defects. Here, we attributed a lower and upper detection limit of 400 and 40000 cm=s respectively for S defect . Defects with S defect below 400 cm=s have a shallow PL profile and the reduction in the PL signal at the GB is comparable to the measurement noise. On the other hand, the dependence of S defect on PL contrast starts to saturate when S defect exceeds a certain value (around 40000 cm=s), increasing the uncertainty of the method when applied on very recombination active crystal defects.
Results and discussion
Intra-grain regions
Crystal defects
Phosphorus diffusion induces a rise in the density of electrically active defects, as well as a very significant increase in the median S defect value. On average, the samples exhibit a twofold increase in the defect density and a fivefold increase in S defect after gettering. Nevertheless, both the defect density and S defect reduce to levels similar to or even lower than those observed in the as-grown state after subsequent hydrogenation. This is mainly due to the activation and the passivation of GBs in the material, as discussed above. Focusing on wafers from the top and the bottom of the ingot, it can be seen that both of them show similarly high recombination activities before processing, but reveal distinct behaviours after gettering and hydrogenation. While S defect of the bottom wafers becomes comparable to the rest of ingot after hydrogenation, the top wafers still show a considerably higher S defect value on average. This reaffirms the previous observation that hydrogenation is not as effective on dislocation clusters as on GBs. Figure 4 shows the impact of phosphorus gettering and hydrogenation on the overall lifetimes across the wafers, including the influence of the intra-grain regions and the crystal defects. The harmonic average is used to represent the overall lifetime as it provides a closer estimate of the material quality for predicting the final cell performance. 12, 25) Compared to the simple arithmetic mean, the harmonic mean is more affected by the low lifetime regions in the samples, such as GBs and dislocations. Comparing Figs. 1 and 4 , it can be seen that the overall lifetime of the material is strongly limited by recombination at crystal defects, given the high intra-grain lifetime (>600 µs) observed in the samples after gettering and hydrogenation. Perhaps unexpectedly, the overall lifetimes on most of the mc-Si wafers, except those near the ingot top and bottom, degrade after gettering. The reduction of the harmonically averaged lifetimes after gettering is due to the activation of GBs during the process, as evidenced by the dramatic increase of S defect in Fig. 3(b) . Applying a subsequent hydrogenation step can significantly improve the overall lifetimes, predominantly due to its ability to passivate GBs. The relatively inactive GBs after hydrogenation also allow the benefits of phosphorus gettering on the intra-grain regions to be realised, further improving the overall lifetime.
Overall lifetime
It should be mentioned that our findings, however, are contradictory to the results of Schindler et al., 26) who reported an increase in the harmonically averaged lifetimes on p-type HP mc-Si after phosphorus diffusion. The discrepancy could be explained by the size differences of the crucibles used for crystallisation. The ingot studied in Ref. 26 was grown in a G1-size crucible, whereas the brick investigated here was cut from the centre of a G6 ingot. As a result, the mc-Si samples investigated in Ref. 26 might contain a higher concentration of metal impurities than the samples studied in this work. When the impurity concentration is high, the intra-grain regions tend to feature very low lifetimes before processes, 23, 27) thus the benefits of gettering on the intra-grain regions could outweigh its detrimental influence of activating the GBs. This hypothesis is supported by the relatively low as-grown intra-grain lifetime observed in Ref. 26 . Such behaviour is also seen in this work, on wafers from the top and the bottom of the ingot. of the ingot. The efficiency then rises rapidly along the ingot height, peaks at the lower middle sections of the ingot before declining gradually towards the ingot top. The highest cell efficiency is not observed in the middle of the ingot, but in sections slightly below the middle. Also shown in Fig. 5 are the voltages and currents at maximum power point of the devices. It can be seen that both the voltages and the currents coincide with the trend in cell efficiency. The trend in cell efficiency could be explained by the variation of material quality along the ingot height.
In order to meaningfully correlate the measured lifetimes with the solar cell performance, the doping variation along the ingot has to be considered. We chose to compare the lifetimes with the excess carrier density of the solar cell devices measured at maximum power point (Δn mpp ). Δn mpp is a parameter independent of the wafer doping and can be calculated based on the measured voltage at maximum power point (V mpp ) using the following equation,
where N A and n i are the doping concentration and intrinsic carrier density respectively. Note also that the cell performance should be compared to the material quality after phosphorus diffusion and hydrogenation, given that these two processes are incorporated in the solar cell fabrication and the material properties of mc-Si changes significantly after these processes, as shown above and in Refs. 26, 28, and 29. Figure 6 shows that a strong correlation exists between the harmonically averaged lifetimes after gettering and hydrogenation and Δn mpp , suggesting that the final cell performance of the studied HP mc-Si ingot is indeed affected by the material quality. Figure 7 compares the recombination parameters of crystal defects and lifetimes of the intra-grain regions with Δn mpp . Towards the ingot top, the reduction in Δn mpp correlates well with the increase in the defect density and their median S defect , indicating that wafers in this section of the ingot are more affected by recombination at dislocation clusters. The origin for the reduction in Δn mpp towards the bottom of the ingot is less obvious. It could be due to the higher defect density observed in the samples or their lower intra-grain lifetimes, or possibly a combination of both. The former is due to a certain fraction of GBs that remains recombination active after hydrogenation, as visible in Fig. 2 . The latter is caused by dissolved impurities distributed within the grains. Moreover, it can also be seen that Δn mpp degrades considerably more towards the ingot top than the ingot bottom, suggesting that carrier recombination at dislocations clusters is likely to be more detrimental to the overall cell performance than carrier recombination at GBs and the intra-grain regions.
Note that conventional Al-BSF solar cells were used in this work. In such devices, the dependence of cell performance on the bulk material quality is strongly suppressed, owing to the large recombination loss at the full-area alloyed aluminium layer on the rear surface. For higher efficiency cell architecture such as the PERC structure, the final cell performance would be even more influenced by the material quality in the bulk.
30)
Conclusions
Our results demonstrate that the material quality of HP mc-Si changes substantially during solar cell fabrication process. The average lifetimes of the studied wafers degrade after phosphorus diffusion, but are fully recovered and further enhanced after a subsequent hydrogenation step. Phosphorus gettering improves the intra-grain regions but also activates the GBs, while hydrogenation benefits both the intra-grain regions and the GBs. Dislocation clusters remain strongly recombination active after both processes. Moreover, it was found that the final cell efficiency depends noticeably on the position in the ingot. A quantitative comparison between material properties and cell performance reveals that wafers towards the ingot top are more influenced by carrier recombination at dislocation clusters, whereas wafers near the bottom edge are more affected by a combination of their lower intra-grain lifetimes, possibly due to dissolved impurities distributed within the grains, and a greater density of recombination active GBs.
